ABSTRACT This paper presents a novel dual-band filtering balanced-to-unbalanced impedancetransforming out-of-phase power divider using a simple admittance inverter with an extreme high frequency ratio and arbitrary power division, which is composed of stepped-impedance transmission lines. Based on the traditional transmission-line theory and ABCD/Y matrix, the closed-formed analytical equations and complete design procedure are derived and provided for the filtering differential-mode transmission with high frequency ratio and good dual-band common-mode suppression. For demonstration, a designed prototype operating at 1 and 6.4 GHz are simulated, fabricated, and measured. The measured results agree well with the EM simulation perfectly.
I. INTRODUCTION
With the increasing demands of modern wireless communication systems, much attention has been paid into the multifunctional passive/active radio frequency (RF) components for reduced size and low cost [1] - [4] . Furthermore, the electromagnetic interference noise similarly plays a very important role on the performance of overall systems, especially in high-sensitive network [5] , leading to a mass of investigations about balanced components including balanced filter [1] , [6] , power divider [7] , antenna [8] , diplexer [9] , and amplifier [10] , etc.
As a key component in front end of radio frequency (RF) system, balanced-to-unbalanced power dividers (BTUPDs) with out-of-phase/in-phase output are also extensively investigated recently to connect with the single-ended and balanced circuit simultaneously without undesired common-mode signals. In [11] , a compact BTUPD using three cascaded coupled lines is reported. For further expanding the bandwidth for common-mode suppression, an additional quarter-wavelength open stub is introduced [12] . Additionally, the phase inverter [13] and 180 • coupled-line section [14] achieve an in-phase output between two singleended ports, respectively. Based on the conventional Y -matrix transformation, a generalized BTUPD with arbitrary power ratio is established in [15] . Above all, various BTUPDs with different performances have been designed, but the filtering integration with high frequency selectivity is not considered. In order to reject undesired signals in RF/microwave front end, a narrowband BTUPD with filtering function is proposed by using open-and short-circuit stubs [16] . In [17] , the modified two-port coupled lines with open-circuit terminations are used to replace the traditional quarter-wavelength TLs for an enhanced bandwidth. For an in-phase output and filtering integration, the two-port coupled-line structure with short-circuited termination and π -shaped network are employed [18] .
To support a multi-channel concurrent communication systems including 2G to 5G, the dual-/multi-band balanced components should be widely developed besides narrow/wideband operation. Unfortunately, there are few reported works about dual-/multi-band BTUPDs so far. By using two dualband 90 • phase shifters, a dual-band BTU PD is designed with inherent impedance transformation [19] . Moreover, a dual-band filtering BTUPD is proposed based on two coupled ring resonators for high frequency selectivity [20] , but their bandwidths are very narrow. In [21] , the dual-band filtering response is implemented though embedding π -shaped networks with short-circuited stubs, resulting in an enhanced dual-band operating bandwidth. Nevertheless, the current reported dual-band circuits are limited to a low frequency ratio and equal power division in general.
In this paper, a brand-new dual-band filtering balancedto-unbalanced impedance-transforming power divider (FBTUITPD) with extreme high frequency ratio and arbitrary power division is proposed, which is comprised of six admittance inverters using stepped-impedance transmission lines and a single resistor. The designed admittance inverter can achieve dual-band filtering response with two in-band transmission poles, while the single resistor is utilized to generate a good isolation between two single-ended output ports. Based on the traditional transmission-line theory and ABCD/Y matrix, the closed-formed analytical equations and complete design procedure are provided for realizing the following advantages: 1) dual-band filtering operation with high frequency ratio; 2) excellent differential-mode transmission with arbitrary power division; 3) good common-mode suppression; 4) inherent impedance transformation; 5) simple circuit structure. Fig. 1 shows the circuit model of the proposed dual-band FBTUITPD with extreme high frequency ratio including one differential input port 1 (ports 1 + and 1 − ), and two singleended output ports 2 and 3, which is equivalent to four cascaded dual-band balun, filter, impedance transformer, and power divider. Hereinto, the standard S-parameters (S std ) in Fig. 1 can be defined as
II. THEORY AND DESIGN OF FBTUITPD
The transformed relation between standard and mixedmode S-parameters can be written as [22] 
and
Based on (1) and (2), the mixed-mode S-parameters (S mm ) of the differential circuit can be derived as
where n, p = 2, 3, and the subscripts d, c, and s represent the differential-mode, common-mode, and single-ended ports, respectively. As shown in Fig. 2 (a), the circuit configuration for a conventional BTUPD consists of six transmissionline (TL) sections and a single resistor. Expanding from the conventional unequal BTUPD in [15] , a more generalized BTUPD with impedance-transforming function and arbitrary power division is derived based on Y -matrix transformation as
where k 2 is the power-dividing ratio (k 2 = |S sd31 /S sd21 | 2 ). In order to further achieve a dual-band operation with extreme high frequency ratio, a symmetrical stepped-impedance admittance inverter with the same electrical length θis utilized to replace the conventional quarter-wavelength TL, as VOLUME 6, 2018 illustrated in Fig. 2(b) . Thus, the following condition for the proposed dual-band admittance inverter should satisfy:
where Z i is the corresponding characteristic impedance of the TL for the conventional BTUPD in (4) and i =1 to 5. Based on the traditional TL theory [23] , the ABCD-matrix of the proposed dual-band admittance inverter can be written as
where
Due to the symmetrical stepped-impedance admittance inverter by using TL, only A and B of elements of the ABCD matrix from (5) and (6) need to be considered into
Then using simultaneous equations (6) and (7), the circuit parameters of the proposed FBTUITPD can be deduced as
where a is the dual-band frequency ratio (= f 2 /f 1 ). Since the quantity under the square root sign in (8) for [cos(2θ) + cos(4θ )] should be equal or greater than 0, the frequency ratio a needs to be equal or greater than 5 for a real solution. It is worth noting that the proposed admittance inverter will become a conventional quarter-wavelength TL in Fig. 2(a) when a is 5. From the above, the closed-formed analytical equations have been derived and given in (4) and (8) based on the traditional TL theory and ABCD/Y matrix. Fig. 3(a) shows the S-parameter of the dual-band admittance inverter with different frequency ratio a. It is clear that the large frequency ratio would attenuate the in-band return loss, but still maintain 15-dB level at least. As illustrated in Fig. 3(b) , the characteristic impedances Z i1 increases as the increasing of a, while the Z i2 would decrease. Therefore, the frequency ratio needs to be limited to 10 in general for effective fabrication. We assume that the values of Z i and f 1 is 50 and 1 GHz in Fig. 3 , respectively, and other parameters can be calculated by (8) based on the prescriptive frequency ratio. Combining with (4) and (8), the proposed dual-band admittance inverter can be employed to replace the conventional quarter-wavelength TL for implementing a dual-band FBTUITPD. In this work, Z 2 and R are set as free variables. Thus, according to the specified terminal impedance (R S , R L ), resistor R, power-dividing ratio k 2 , and frequency ratio a, the proposed dual-band FBTUITPD can be constructed by (4) and (8) . The influences of free variables on the circuit performance are discussed in the following Section III.
III. CASES ANALYSIS OF FBTUITPD
A. 50 -TO-50 MATCHING CASE Based on the above theory and circuit structure, the 50 -to-50 matching is only a special case. We arbitrarily assume that f 1 and a are the 1 GHz and 6.4 within the available range in Fig. 3 , respectively. Thus, the electrical length θ is 24.32 • by (8) . For simplifying the parameter analysis, k is set as 1. By using (4) and (8) with the different free variables (Z 2 , R), the circuit parameters can be calculated and shown in TABLE 1. Note that Z 1 = Z 2 , Z 4 = Z 5 when k = 1. As shown in Fig. 4 , two in-band transmission poles will be generated via the proper values of Z 3 and Z 4 (determined by R) when the port impedances are all the 50 . Moreover, large Z 3 and R would expand the bandwidth of differentialand common-mode bandwidth, whereas the bandwidth of isolation is reduced. Therefore, the values of Z 3 and R have to be tradeoff between differential-/common-mode bandwidth and isolation.
B. IMPEDANCE-TRANSFORMING CASE
The proposed circuit configuration can achieve an inherent impedance-transforming function. As depicted in Fig. 5 , a 50 -to-75 FBTUITPD at 1 and 6.4 GHz with different free variables (Z 3 , R) is designed and simulated. To simplify the parameter analysis, k is set as 1. For the different port impedances, the two in-band transmission poles would be realized with different values of Z 3 and Z 4 (determined by R). Furthermore, the bandwidth of differentialmode transmission improves with the increasing of Z 3 and R, while the bandwidth of common-mode suppression would decrease. Additionally, Fig. 6 plots the S-parameters curves of the proposed FBTUITPD versus different port impedances at the case of two in-band transmission poles so as to verify the effective circuit structure and design method. By using (4) and (8), the corresponding circuit parameters for implementing Figs. 5 and 6 are shown in TABLE 2 and  TABLE 3 , respectively. Moreover, all the electrical length θ is 24.32 • by (8) . Note that the non 50 ports can be effectively measured by using de-embedding method in [2] .
C. UNEQUAL POWER-DIVIDING CASE
In order to perform the arbitrary power division, a 50 -to-50 FBTUITPD at 1 and 6.4 GHz with different power-dividing ratio k 2 from 1 to 3 is designed and simulated in Fig. 7 . For the realizable range of characteristic VOLUME 6, 2018 impedances, the resistor R is set at 25 . For achieving two in-band TPs, the values of Z 3 are selected as 50 , 46 , and 43 , respectively, for different k 2 from 1 to 3. Thus, all circuit parameters can be determined and calculated in TABLE 4 by using (4) and (8) . Besides, all the electrical length θ is 24.32 • by (8) . From Fig. 7 , it's obvious that the proposed dual-band FBTUITPD can effectively carry out arbitrary power division.
D. DESIGN PROCEDURE
According to the aforementioned theory and analysis, the complete design procedure for the proposed dual-band FBTUITPD is summarized as follows:
1) Specify the desired dual-band operating frequency (f 1 , f 2 ), power-dividing ratio k 2 , and terminated impedances (R S , R L ). In this work, the dual-band operation is adapted for extreme high frequency ratio a(≥5). Thus, the equivalent dual-band admittance inverter would not cause a big circuit size comparing with the conventional BTUPD, due to the electrical length of each TL below 30 • by (8). 2) By using (4) and (8), calculate the circuit parameters of the first and second dual-band stepped-impedance admittance inverters including Z 11 , Z 12 , Z 21 , Z 22 , and θ. 3) In order to achieve two in-band transmission poles with higher frequency selectivity, Z 3 and R should be selected properly according to the analysis of Figs. 4 and 5. For the general 50 terminated impedances and equal power division, the values of Z 3 , Z 4 , and Z 5 should be identical. 4) Then, based on the selected Z 3 and R, the other parameters including Z 31 , Z 32 , Z 41 , Z 42 , Z 51 , and Z 52 can be determined by (4) and (8) . Finally, construct the proposed circuit model shown in Fig. 2(b) .
IV. SIMULATED AND MEASURED RESULTS
For further demonstration, a dual-band equal FBTUITPD prototype with 50 -to-50 matching at 1 and 6.4 GHz shown in Fig. 8 is designed, fabricated and measured on the RO4350B substrate with a relative permittivity of 3.66, a thickness of 0.762 mm, and a loss tangent of 0.0037. In this work, free variables (Z 3 , R) are selected as 50 Fig. 9 shows the EM simulated and measured results of the proposed dualband FBTUITPD prototype with 50 -to-50 matching at 1 and 6.4 GHz. Good agreement can be observed between EM simulated and measured results.
For the first passband at 1 GHz, the relative bandwidth of the measured 10-dB differential-mode input return loss |S dd11 | is about 58% from 0.72 to 1.3 GHz, while the differential-mode insertion loss |S sd21 | is 3.45 dB at 1 GHz. Besides, the measured common-mode suppression |S sc21 | is better than 10 dB from 0.75 to 1.33 GHz with the |S cc11 | greater than -5.98 dB. In addition, the measured output matching |S 22 | is below −10 dB from 0.71 to 1.28 GHz, while the corresponding 10-dB isolation |S 23 | is ranged For the second passband at 6.4 GHz, the relative bandwidth of the measured 10-dB differential-mode input return loss |S dd11 | is about 10.5% from 6.13 to 6.8 GHz, while the differential-mode insertion loss |S sd21 | is 4.37 dB at 6.4 GHz. Moreover, the measured common-mode suppression |S sc21 | is less than −10 dB from 6.21 to 6.75 GHz with the |S cc11 | greater than -6 dB. Furthermore, the measured 10-dB output matching |S 22 | and isolation |S 23 | is ranged from 6.11 to 6.68 GHz. The in-band phase difference is 180 • ± 3 • . Thus, in the cases of the return losses, isolation, and common-mode suppression (|S dd11 |, |S sc21 |, |S 22 |, |S 23 |) < −10 dB, the operating bandwidth of the first passband is about 7.3% (470 MHz). Finally, the performance comparison is listed in TABLE 5. The connector losses, the effect of soldering, and manufacturing errors maybe lead to the deviations between the simulated and measured results.
V. CONCLUSION
A new and simple dual-band filtering balanced-tounbalanced out-of-phase power divider is proposed in this paper by using equivalent stepped-impedance admittance inverter with extreme high frequency ratio, inherent impedance transformation, arbitrary power division, excellent differential-mode return loss including two in-band transmission poles, good common-mode suppression, comparable output matching and isolation. Hence, this power divider has a large potential applied in the modern wireless communication systems including 2G to 5G. In 1984, he joined the 26th Institute of Electronic Ministry of China to develop the inertia navigating system. In 1992, he began his first post-doctoral position with the EMC Laboratory, Beijing University of Posts and Telecommunications (BUPT), Beijing, China. In 1995, he started his second post-doctoral position at the Broadband Mobile Laboratory, Department of System and Computer Engineering, Carleton University, Ottawa, Canada. Since 1997, he has been a Professor with the Wireless Communication Center, College of Telecommunication Engineering, BUPT, Beijing, China, where he is involved in the development of next-generation cellular system, wireless LAN, Bluetooth application for data transmission, EMC design strategies for high speed digital system, and EMI and EMS measuring sites with low cost and high performance. VOLUME 6, 2018 
